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A full-length cDNA of cucurbit aphid-borne yellows virus (CABYV) has been constructed and expressed either as an in
vitro transcript, under control of a bacteriophage T7 RNA polymerase promoter, or in vivo, under control of the cauliflower
mosaic virus 35S promoter in an agroinfection vector. The biological activity of the cloned cDNA was demonstrated by the
ability of its in vitro transcript to replicate in protoplasts and of the agroinfection vector to infect agroinoculated plants.
Virus in the agroinfected plants could be transmitted by the aphid vectors Myzus persicae and Aphis gossypii. The specificity
of luteovirus RNA packaging was investigated by replacing (1) the CABYV coat protein gene (and the overlapping ORF5) by
the corresponding region of potato leafroll luteovirus or (2) the CABYV readthrough domain by the readthrough domain of
beet western yellows luteovirus. The resulting chimeric transcripts replicated in protoplasts and produced virions. q 1995
Academic Press, Inc.
INTRODUCTION agroinfection vector to infect whole plants (Leiser et al.,
1992) have led to rapid progress in understanding the
Cucurbit aphid-borne yellows virus (CABYV; Lecoq et biological function of the different viral proteins. By study-
al., 1992) is a recently characterized member of the lu- ing the effect of specific mutations introduced into the
teovirus group. Sequence analysis (Guilley et al., 1994) cDNA on biological properties (‘‘reverse genetics’’), it has
has revealed that CABYV is a member of luteovirus Sub- been demonstrated that (i) replication of the RNA genome
group 2 (Habili and Symons, 1989). Subgroup 2 members is dependent on the expression of ORF2 and 3 (Reuten-
have six major open reading frames (ORFs) which are auer et al., 1993), (ii) the major viral coat protein (ORF4)
separated by a short (ca. 200 nucleotides) internal non- is required for formation of progeny virions but the prod-
coding region into a relatively divergent group of 5*-proxi- ucts of ORF1, ORF5, and ORF6 are not required (Reuten-
mal genes (ORF1, 2, and 3; Fig. 1A) and a more conserved auer et al., 1993; Filichkin et al., 1994; Brault et al., 1995),
3 *-proximal gene block (ORF4, 5, and 6). ORF1, 2, and 3 and (iii) aphid transmission requires determinants en-
are translated from the genomic RNA, ORF3 being ex- coded by the RTD (ORF6) (Brault et al., 1995; Wang et
pressed as an ORF2–ORF3 fusion protein by transla- al., 1995; also see Jolly and Mayo, 1994). The biological
tional frameshift (for reviews see Martin et al., 1990; role of the ORF1 and ORF5 gene products is still unknown
although the ORF5 protein possesses some propertiesMiller et al., 1995; Mayo and Ziegler-Graff, 1996). The
(affinity for nucleic acids and localization in a membrane-genes of the conserved gene block are translated from
rich subcellular fraction) suggesting that it might be in-a subgenomic RNA (Smith and Harris, 1990; Tacke et al.,
volved in virus cell-to-cell movement (Tacke et al., 1991,1990; Miller and Mayo, 1991; Dinesh-Kumar et al., 1992),
1993).with ORF6 (the readthrough domain or RTD) expressed
In this paper we describe the construction of a cloneby translational readthrough of the ORF4 termination co-
for expression of full-length CABYV cDNA as an in vitrodon as an ORF4–ORF6 fusion protein (readthrough pro-
transcript for protoplast infection experiments and of antein). The ORF4 gene product is the major component
agroinfection vector for transmitting CABYV to wholeof the viral capsid and readthrough protein is a minor
plants. Using the infectious transcripts, we have investi-structural protein (Waterhouse et al., 1989; Bahner et al.,
gated the effect on viral RNA replication and virion forma-1990; Brault et al., 1995; Wang et al., 1995).
tion of the substitution of genes of the conserved geneThe availability of infectious full-length transcripts of
block (ORFs 4–6) in CABYV by their homologues fromcloned luteovirus cDNA for protoplast infection experi-
other Subgroup 2 luteoviruses.ments (Young et al., 1991; Veidt et al., 1992) and an
MATERIALS AND METHODS
Escherichia coli strains1 Current address: Max-Planck-Institut fu¨r Zu¨chtungforschung, 50829
Ko¨ln, Germany. The E. coli strains SURE (Stratagene) and JM109 (Ha-
2 To whom reprint requests should be addressed. nahan, 1985) were used in construction of the full-length
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Synthesis of full-length CABYV cDNA transcription
vectors
Constructs containing full-length CABYV cDNA under
control of either the bacteriophage T7 RNA polymerase
promoter (hereafter referred to as the T7 promoter) or
the cauliflower mosaic virus 35S promoter (hereafter re-
ferred to as the 35S promoter) were prepared as follows.
T7 promoter construct (pCA-WT). Polymerase chain re-
action (PCR) amplifications were performed in order to
generate cDNA containing the authentic 5*- and 3 *-termi-
nal sequences of CABYV and to repair deletion of a single
thymine at position 3895 in pCA36 (Guilley et al., 1994;
all sequence coordinates refer to the published CABYV
sequence). Based on plasmid pCA13 (Guilley et al.,
1994), a DNA fragment containing the T7 promoter and
residues 1–380 of CABYV was synthesized using as
primers the oligonucleotides 5*-GCAGGTACCTAATAC-
GACTCACTATAGACAAAAGATACGAGCGGGTGATGC
(oligo1; underlined sequence corresponds to nucleotides
1–24 and sequence in italics is a strong T7 promoter)
and 5*-CGCGTCGACCTCTCTCCCAGA (oligo2; under-
lined nucleotides complementary to nucleotides 368–
380). After digestion with KpnI and SalI (bold nucleotides
in primers) the amplified fragment was cloned into KpnI –
SalI-linearized pUC18 vector to yield pCAa. In a second
PCR amplification using pCA36 (Fig. 1) as template, the
authentic viral 3 * end was amplified with oligonucleotid
es 5*-CGCGTCGACTACACCGAAACGCCA (oligo3;
underlined sequence complementary to nucleotides
5656–5669) and 5*-ACGAAGCTTCGACTGTTGCAGCTG
(oligo4; underlined sequence corresponds to nucleotides
5454–5470), resulting in a fragment containing residues
5454–5669 of CABYV. After HindIII– SalI (bold nucleo-
FIG. 1. Construction of a full-length cDNA of CABYV RNA and struc-
tides) digestion, this fragment was inserted between theture of mutant clones. (A) Structure of the CABYV genome. (B) Some
HindIII and SalI sites of pKS (Promega) to create pCAb.of the cDNA and PCR fragments involved in the synthesis of the full-
length cDNA. Relevant restriction sites are AccI (A), BbrPI (B), BspEI The missing T at position 3895 of pCA36 was replaced
(Bs), HindIII (H), KpnI (K), SalI (S), and XbaI (X). Bold lines correspond by performing RT–PCR on viral genomic RNA using the
to viral sequence and thin lines (not to scale) to vector polylinker se- primers 5*-TGCTCTAGATTTCAGCACACG (oligo5; under-
quences. For in vitro transcription, template DNA was linearized with
lined sequence corresponds to nucleotides 3575–3589)SalI. (C) Schematic representation of the CABYV/PLRV and CABYV/
and 5*-GCAGGTACCGATTGGAGGGAGCTA (oligo6; under-BWYV chimeras. The PLRV sequence replacing ORFs 4 and 5 of CABYV
in the chimera pCA-4.3 is indicated by bold lines and stipling. The lined sequence complementary to nucleotides 3903–3917).
BWYV sequence replacing CABYV ORF6 in the chimera pCA-6.3 is The resulting approximately 470-bp PCR fragment was di-
indicated by bold lines and hatching. Note that the inserted BWYV gested with XbaI and KpnI (bold nucleotides), cloned into
sequence includes the BWYV 3 *-noncoding region, fused via its 3 *-
XbaI–KpnI-linearized pKS, and designated as pCAc. Theproximal SalI site (Veidt et al., 1992) to the CABYV XhoI site near the
accuracy of the insert sequences of pCAa, pCAb, and pCAcend of ORF6 (position 5281). The inserted GUS sequence in pCA-INT.1
is represented by a bold line (not to scale). Restriction sites used in was verified by sequence analysis.
the constructions were AccI (A), BbrPI (B), SalI (S), and XhoI (X). Restric- After digestion of pCA36 with HindIII (position 3900)
tion sites destroyed during the synthesis of pCA-6.3 are indicated by and BspEI (position 5564), the released 1664-bp fragment
an asterisk.
was inserted into HindIII– BspEI-cut pCAb to yield pCAd.
In the next two steps, pCAd was extended by insertion
of the pCAc XbaI–HindIII fragment (XbaI is in the poly-CABYV cDNA clone. In an effort to overcome plasmid
toxicity problems (see below), the following E. coli strains linkers of pCAd and pCAc, HindIII is at insert position
3900) to produce pCAe. Next, the XbaI–BbrPI fragmentwere also tested: BL21, BMH-mutS, DH1, DH4a, DH5a,
ED8800, HB101, JM101, JM107, KW251, NM522, MC1022, (nucleotides 361–3489) from pCA13 was inserted be-
tween the polylinker XbaI site and the BbrPI site of pCAeMC1061, pRK2810, TG2, W3110, and XL1-BLUE (Stra-
tagene). to produce pCAf (Fig. 1). Finally, the 5308-bp XbaI–SalI
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insert from pCAf was subcloned into XbaI–SalI-cut pCAa otides 3475–5669) of the CABYV genome was isolated
from pCAf (Fig. 1B) and inserted into the XbaI and XhoIto obtain a full-length copy of CABYV cDNA fused to the
T7 promoter (pCA-WT). The full-length cDNA constuct (compatible with SalI) sites of pKS. This cloning step was
necessary to destroy the SalI and XhoI recognition sitespCA-WT and the intermediate construct pCAf proved cy-
totoxic to E. coli strain SURE, the strain used in all but for later on. The resulting vector, pBRT-1, was digested
with AccI (position 4100) and XhoI (position 5284) andthe last two cloning steps. A search among a collection of
19 other E. coli strains (see above) identified one strain, subsequently ligated to the AccI–SalI fragment of BWYV
(nucleotides 4093–5641; Veidt et al., 1988) to yield pBRT-JM109, which was capable of maintaining pCAf and pCA-
WT without deletions or apparent rearrangements. Con- 2. Then, the chimeric BbrPI/BspEI CABYV/BWYV frag-
ment from pBRT2 was reinserted into pCA-WT after di-sequently, JM109 was used for the final steps of con-
struction of pCA-WT, as well as in the last step of con- gestion with BbrPI and BspEI to produce pCA-6.3
(Fig. 1C).struction of p35SCA-WT (see below).
35S promoter construct (pBin35SCA-WT). Construction
In vitro transcription and protoplast inoculationof an agroinfection vector with the CABYV cDNA under
transcriptional control of the 35S promoter followed the Single-stranded RNAs were obtained by in vitro tran-
basic strategy described by Leiser et al. (1992). After scription of SalI-linearized pCA-WT and mutant con-
PCR amplification with pCAa template using the oligonu- structs by bacteriophage T7 RNA polymerase in the pres-
cleotide 5*-GCGGTTGACAAAAGATACGAG (oligo7; un- ence of the cap analoque m7GpppG according to estab-
derlined sequence corresponds to nucleotides 1–14) lished protocols (Melton et al., 1984). Three micrograms
and oligo2, the amplified fragment containing CABYV res- of transcript was inoculated to 200,000 Chenopodium
idues 1–380 was digested with HincII (bold nucleotides) quinoa protoplasts as described (Veidt et al., 1992).
and cloned into the StuI restriction site of pCaP35S
(Leiser et al., 1992) to yield p35S-5*CA (Fig. 1B). Then, Agroinfection and virus transmission
the KpnI–XbaI fragment from p35S-5*CA was substituted
pBin35SCA-WT plasmid DNA was introduced into thefor the KpnI– XbaI fragment containing the T7 promoter
Agrobacterium tumefaciens strain C58C1 (Koncz andand 5*-proximal viral sequence in pCA-WT. The resulting
Schell, 1986) by electroporation (Mozo and Hooykaas,construct was designated p35SCA-WT. For agroinfection
1991) and subsequently agroinoculated by injection intoexperiments a KpnI– SalI fragment containing the full-
leaf midribs (Leiser et al., 1992) of 2-week-old melonlength copy of CABYV cDNA fused to the 35S promoter
(Cucumis melo, variety Marketer) and cucumber (C. sati-was isolated from p35SCA-WT and inserted between the
vus, variety Ve´drantais). Virus transmission tests wereKpnI and SalI sites of the binary vector pBIN19 (Bevan,
performed by giving nonviruliferous nymphs or young1984) to produce pBin35SCA-WT.
apterous adults of Myzus persicae and Aphis gossypii
an inoculation access period of 24–36 hr on agroinfected
Construction of mutant plasmids plants before transfer to healthy melon and cucumber
plants as described (Lecoq et al., 1992). The success ofpCA-INT.1 was constructed by introducing an approxi-
aphid transmission was determined by ELISA 3 weeksmately 220-bp EcoRV fragment of the E. coli b-glucuroni-
postinoculation.dase gene (coordinates 584–814 of the wild-type GUS
gene; Jefferson et al., 1986; Pru¨fer et al., 1992) into the
Detection of viral RNA and proteins
BbrPI site (position 3489) of pCA-WT.
In pCA-4.3 the CABYV coat protein/ORF5 gene pair After inoculation of protoplasts with transcript of pCA-
WT and mutant clones, total RNA was isolated 24, 48,was replaced by the corresponding potato leafroll virus
(PLRV) sequence. An 1193-bp PstI–SalI fragment (coordi- and 72 hr postinoculation and subjected to RNA blot
analysis according to the procedures described pre-nates 3412–4605 of the PLRV genome; Mayo et al., 1989)
containing the PLRV coat protein/ORF5 gene and parts of viously (Veidt et al., 1992; Reutenauer et al., 1993). In
some cases radioactivity in bands of the blots was quan-the intergenic region and ORF6 was isolated and cloned
between the PstI and the SalI sites of pUC18 to create titized with a Fujix MAS1000 BioAnalyzer. Packaging of
the progeny viral RNA into virions was tested by thepPR1. pPR1 was digested with SalI and then with AccI
and the short SalI– AccI fragment was replaced by the previously described RNase-sensitivity assay (Reuten-
auer et al., 1993) 48 hr postinoculation.SalI–AccI fragment corresponding to nucleotides 4100–
5669 of CABYV. Finally, the 3 * half (nucleotides 3489– The coat protein and readthrough protein were de-
tected by Western blot analysis 72 hr postinoculation5669) of the pCA-WT insert was removed after BbrPI–
SalI digestion and replaced by the chimeric BbrPI/SalI according to established protocols (Veidt et al., 1992).
Proteins were separated on 12.5% SDS–PAGE, elec-PLRV/CABYV fragment from pPCPCRT to yield pCA-4.3
(Fig. 1C). troblotted to nitrocellulose (Niesbach-Klo¨sgen et al.,
1990), and immunodetected as described by Tacke et al.To replace the CABYV RTD with that of beet western
yellows luteovirus (BWYV), an XbaI–SalI fragment (nucle- (1994) using a rabbit anti-CABYV serum (Lecoq et al.,
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1992), a rabbit anti-BWYV readthrough serum (Reuten-
auer et al., 1993), and a sheep anti-PLRV serum (Boeh-
ringer Mannheim). Immunosorbent electron microscopy
of virus particles in crude protoplast extracts was per-
formed as described by Reutenauer et al. (1993). Total
RNA from newly formed, upper leaves of agroinoculated
plants was isolated and analyzed by RNA blot hybridiza-
tion using a 32P-labeled DNA probe (Sambrook et al.,
1989) specific for the 3 *-terminal region of the viral RNA.
Virus infection in plants was also tested with a double FIG. 2. Northern blot analysis of CABYV RNA accumulation in pCA-
antibody sandwich ELISA assay (Lecoq et al., 1992) using WT transcript-inoculated protoplasts and pBin35SCA-WT-agroinfected
plants. (A) RNA extracted from C. quinoa protoplasts 24 (lane 1), 48the CABYV-specific antiserum.
(lane 2), and 72 hr (lane 3) postinoculation with pCA-WT. Viral genomic
RNA (gRNA) and subgenomic RNA (sgRNA1) were detected with a 32P-RESULTS
labeled DNA probe specific for the viral 3 * end. Lane 4 (con) contained
500 pg of pCA-WT transcript. (B) Total RNA extracted from pBin35-Construction of a full-length CABYV cDNA clone
SCA-WT-agroinfected cucumber plants (lanes 1 and 2) and a melon
The procedures employed for construction of clones plant (lane 3). Lane 4 contains total RNA from a mock-inoculated cu-
cumber plant.containing a full-length CABYV cDNA under control of
either the T7 polymerase promoter (pCA-WT) or the
CaMV 35S promoter (pBin35SCA-WT) are described in
plasts and of pBin35SCA-WT to agroinfect plants weredetail under Materials and Methods and the inserts of
tested. Figure 2 shows the time course of appearancesome of the intermediate constructs are shown in Fig.
of viral RNA in C. quinoa protoplasts following electropo-1B. Briefly put, clones were obtained containing PCR
ration with pCA-WT transcript. That viral RNA replicationfragments corresponding to the 5* extremity (pCAa) and
has occurred is indicated by the accumulation of increas-3 * extremity (pCAb) of the viral sequence with the T7
ing amounts of viral genomic RNA up to 72 hr postinocu-promoter sequence and convenient restriction sites built
lation and the appearance of sgRNA1 (Fig. 2A). In addi-into the primers. The 3 *-proximal portion of the viral se-
tion, viral coat protein was readily detected 24 hr postin-quence was then extended toward the 5* end by step-
oculation by Western blotting using an antiserum raisedwise ligation of appropriate cDNA fragments to pCAb
against CABYV particles (data not shown).using available restriction sites in the viral sequence
Agroinfection experiments were performed by in-or polylinkers. Finally, the clone pCA-WT containing the
jecting A. tumefaciens C58C1 carrying the binary vectorcomplete cDNA insert was produced by introducing a
restriction fragment encompassing the 3 *-terminal 80% pBin35SCA-WT into the leaf midrib of melon and cucum-
of the genome into pCAa. ber. After 3–4 weeks, virus infection was tested in newly
The cloning strategy was designed to leave only one formed, upper leaves of the plants by double antibody
nonviral residue, a G, at the transcript 5* terminus be- sandwich ELISA. Of the agroinoculated melon plants, 7/9
cause long 5* nonviral extensions have been found to gave strongly positive ELISA values and, in three different
interfere with transcript infectivity in other systems (Daw- experiments, 4/9, 5/8, and 7/7 of the agroinoculated cu-
son et al., 1986; van der Werf et al., 1986; Janda et al., cumber plants were infected with the virus. Viral RNA
1987; Ziegler-Graff et al., 1988; Eggen et al., 1989; Veidt could be detected by Northern hybridization of total RNA
et al., 1992; Leiser et al., 1992). At the 3 * terminus, the from ELISA-positive plants but not in mock-inoculated
transcript of SalI-linearized pCA-WT is predicted to have plants (Fig. 2B). Typical symptoms (leaf yellowing) were
a six-residue nonviral extension while the length of the obtained 7–9 weeks postinoculation on the agroinfected
nonviral extension present on the pBin35SCA-WT tran- melon (data not shown). Cucumber, on the other hand,
script produced in planta after agroinfection is unknown reacted poorly to the containment conditions used in the
because no transcription termination signal was in- agroinfection experiments with necrotic spots appearing
cluded in the construct. The risk that the 3 * nonviral on the leaves of both agroinoculated and noninoculated
extensions would greatly inhibit the infectivity of the CA- plants. This reaction made it difficult to score the appear-
BYV transcripts was judged to be minimal in view of ance of typical CABYV symptoms on this host.
experience with other viruses (Dawson et al., 1986; Ahl- The experiments described above show that the CA-
quist et al., 1987; Simon and Howell, 1987; Ziegler-Graff BYV genes required for viral replication and movement
et al., 1988; Eggen et al., 1989; Leiser et al., 1992; Brault within host plants are functional on the cloned cDNA.
et al., 1995). Next, we investigated the ability of progeny virus to be
transmitted by M. persicae and A. gossypii, two efficient
Infectivity studies with pCA-WT and pBin35SCA-WT vectors of CABYV (Lecoq et al., 1992), from newly formed
ELISA-positive leaves of agroinfected melon plants toTo test the biological activity of the full-length cDNA,
the abilities of pCA-WT transcripts to replicate in proto- healthy melon and cucumber plants. Virus transmission
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revealed that, as for the wild-type construct (Fig. 3, lane
2), about 50% of the progeny genomic RNA was protected
(average of three experiments) while sgRNA1, which is
not encapsidated in virus particles (Miller et al., 1995),
is degraded.
In parallel, Western blot analysis was carried out on
crude protein extracts from the protoplasts infected with
pCA-4.3 transcript. Using an antiserum raised against
PLRV particles, the major coat protein (calculated molec-
ular weight of 23 kDa), as well as some minor proteins of
approximately 50–70 kDa which presumably represent
degradation products of the ORF4–ORF6 readthroughFIG. 3. Replication and encapsidation of wild-type and mutant CABYV
transcripts in protoplasts. Detection by Northern blot hybridization of protein, could be detected (Fig. 4B). No immunoreactive
total viral RNA (lanes marked T) and RNase-resistant viral RNA (lanes 23-kDa polypeptide was detected with an antiserum spe-
marked E) from C. quinoa protoplasts 48 hr postinoculation. The proto- cific for CABYV particles (Fig. 4A, lane 3) although this
plasts were inoculated with transcript of pCA-WT (lanes 1 and 2), pCA-
antiserum readily detected the major coat protein in pro-4.3 (lanes 3 and 4), pCA-6.3 (lanes 5 and 6), and pCA-INT.1 (lanes 7
toplasts infected with the wild-type transcript (Fig. 4A,and 8). The test for RNase resistance of the viral RNA was performed
as described (Reutenauer et al., 1993). The slower mobility of the geno- lane 1). Because of background associated with the long
mic RNA (gRNA) and subgenomic RNA (sgRNA1) as observed for pCA- development times necessary to detect minor bands, it
6.3 and pCA-INT.1 is due to the mutation-specific increase in viral RNA proved impossible with the CABYV antiserum to routinely
length as indicated in Fig. 1C.
detect the readthrough protein in protoplasts infected
with either pCA-WT or pCA-4.3 transcripts.
In a second mutant, pCA-6.3 (Fig. 1C), the CABYV read-occurred efficiently with both aphid species to both hosts
through domain was replaced by its BWYV counterpart(virus transmission to 8/9 melons and 5/6 cucumbers by
plus the BWYV 3 *-noncoding region. In the construct,M. persicae and to 9/9 melons and 6/6 cucumbers by A.
the 3 *-proximal 387 nucleotides of the CABYV sequencegossypii), demonstrating that the cloned CABYV se-
(including the 3 *-proximal 223 residues of the CABYVquence produces virions which are still fully competent
ORF6) were retained downstream of the BWYV se-for transmission by vectors.
quences as the CABYV 3 *-terminal region is expected to
Mutational analysis of ORF4, 5, and 6
It has been shown previously that ORF2 and ORF3 are
the only genes required for efficient replication of BWYV
RNA in protoplasts (Reutenauer et al., 1993). Assuming
that a similar situation applies to CABYV, we have stud-
ied the effect of exchanging genes of the conserved gene
block (ORF4, 5, and 6) of CABYV with their homologues
from other Subgroup 2 luteoviruses. The parameters in-
vestigated included the replication and encapsidation of
the chimeric viral RNA in protoplasts and expression of
the foreign gene.
In the first experiment, the CABYV coat protein and the
overlapping ORF5 were replaced by the corresponding
PLRV sequence (pCA-4.3; Fig. 1C) without changing the
amino acid sequence of the readthrough domain (ORF6). FIG. 4. Immunodetection of viral structural proteins produced in C.
Transcripts derived from this mutant were inoculated quinoa protoplasts 72 hr postinoculation with wild-type and mutant
transcripts. (A) Immunodetection of viral proteins with anti-CABYV anti-onto C. quinoa protoplasts by electroporation. Northern
serum in crude protein extracts of protoplasts inoculated with transcriptblot analysis of total RNA extracted 48 hr postinoculation
of pCA-WT (lane 1), pCA-6.3 (lane 2), pCA-4.3 (lane 3), pCA-INT.1 (lanerevealed that the mutant RNA was able to accumulate
4), and mock-inoculated (con, lane 5). The faint band marked by an
(Fig. 3, lane 3) with 50% (average of three experiments) arrowhead in lane 5 (also visible in lanes 1–4) which migrates slightly
the efficiency of the wildtype (Fig. 3, lane 1). The ability faster than the 23-kDa coat protein (CP) is due to cross-reaction of the
antiserum with a plant protein. (B) Immunodetection of viral proteinsof the PLRV major coat protein produced by the chimera
with a PLRV-specific antiserum in a crude protein extract of protoplaststo encapsidate the viral RNA was investigated by mea-
inoculated with pCA-4.3 transcript. (C) Immunodetection of viral pro-suring the suceptibility of the viral progeny RNA to degra-
teins with a BWYV RTD-specific antiserum (Reutenauer et al., 1993) in
dation in a crude extract of the infected protoplasts as a crude protein extract of protoplasts inoculated with pCA-6.3 transcript.
described by Reutenauer et al. (1993). Northern blot anal- The position of molecular weight markers (in kDa) is shown on the
right.ysis of the total RNA after such treatment (Fig. 3, lane 4)
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contain sequences recognized in cis during viral RNA CABYV-specific antiserum, which presumably recog-
nizes the CABYV RTD incorporated into the virions, butreplication. A chimeric CABYV/BWYV mutant lacking the
3 *-proximal CABYV sequence did not replicate in proto- was much less so with a PLRV-specific antiserum (data
not shown). This difference probably reflects variation inplasts (data not shown), indicating that the CABYV repli-
case does not recognize the BWYV 3 *-noncoding se- the quality of the two antisera.
Immunotrapping with the extracts of protoplasts in-quence. Northern hybridization experiments showed that
pCA-6.3 transcript was able to replicate in protoplasts fected with pCA-INT.1 captured a few virus-like particles
(which could be decorated with CABYV antiserum) butwith fourfold lower efficiency (average of three experi-
ments) than the wildtype (Fig. 3, lane 5). The BWYV read- these particles were in very low yield compared to that
observed with the other constructs and poorly formedthrough protein (Fig. 4C) and CABYV coat protein (Fig.
4A, lane 2) were detected by Western blot analysis using particles appeared to be more common (Fig. 5D). This
observation may indicate that translation initiation occa-the appropriate antisera. About 15% (average of three
experiments) of the progeny pCA-6.3 viral RNA molecules sionally occurs at or near the authentic coat protein initia-
tion codon in pCA-INT.1 transcripts but that the yield ofwas encapsidated, as judged by their resistance to deg-
radation in crude extract (Fig. 3, lane 6). This was about functional coat protein does not suffice for efficient virion
formation. It remains to be determined if the low levels40% the efficiency of encapsidation measured in parallel
with pCA-WT, indicating that the heterologous read- of coat protein synthesis [below the level of detection by
Western blot (Fig. 4A, lane 4)] predicted from the immuno-through protein may slightly impair assembly or that the
resulting virions are somewhat less stable. trapping experiments arise from ribosome scanning or
some other mechanism which bypasses the AUGs withinFinally, a mutant, pCA-INT.1, was created in which a
220-bp fragment of the E. coli b-glucuronidase gene was the upstream GUS fragment or by deletion of the GUS
insert from a small fraction of the progeny RNA.introduced into the BbrPI restriction site of the CABYV
genome 19 nucleotides upstream of the coat protein initi-
ation codon (Fig. 1C). The insert contains multiple initia- DISCUSSION
tion and termination codons and we reasoned that its
presence would interfere with translation of the coat pro- In this paper we have described clones containing full-
length cDNA of CABYV controlled by either the bacterio-tein cistron and ORF5 [in the wild-type sequence, the
coat protein and ORF5 cistrons are the first and second phage T7 RNA polymerase promoter (pCA-WT) or the
cauliflower mosaic virus 35S promoter (pBin35SCA-WT).AUGs on sgRNA1, respectively, assuming that transcrip-
tion of the subgenomic RNA starts at the same relative The biological activity of the clones was investigated
by inoculation of full-length transcripts onto C. quinoaposition as for other Subgroup 2 luteoviruses (Miller et
al., 1995)]. pCA-INT.1 transcripts were able to replicate protoplasts and delivery by agroinoculation of pBin35-
SCA-WT to melon and cucumber. Viral RNA replication,in protoplasts with approximately 60% the efficiency of
the wildtype and sgRNA1 was produced (Fig. 3, lane 7), subgenomic RNA synthesis, and encapsidation of prog-
eny genomic RNA were observed in the protoplasts andbut no synthesis of the 23-kDa major viral coat protein
could be detected (Fig. 4A, lane 4) and no degradation- the virus multiplied and moved in the agroinoculated
plants. Transmission of virus from agroinfected hosts byresistant progeny RNA could be detected in crude proto-
plast extract (Fig. 3, lane 8). the aphid vectors M. persicae and A. gossypii proceeded
efficiently and the infection produced typical symptoms.
We have used mutant constructs based on the CABYVDetection of virions by immunosorbent electron
transcript to study the effect of blocking expression ofmicroscopy
the 3 *-proximal conserved gene block encoding the viral
structural proteins (i.e., the 23-kDa coat protein and theExcept for pCA-INT.1, the mutant CABYV constructs
described above all appear to be capable of virion forma- readthrough protein) and the putative movement protein
(ORF5) or of replacing them with their counterparts fromtion as evidenced by the resistance to degradation of a
fraction of the progeny RNA when exposed to endoge- other luteoviruses. The constructs tested (pCA-INT.1,
pCA-4.3, and pCA-6.3) all multiplied in protoplasts, con-nous RNase in crude protoplast extracts. Confirmation
that the CABYV/PLRV and CABYV/BWYV chimeras can sistent with earlier observations with BWYV showing that
none of these genes are required for replication in singleindeed form virions was provided by immunosorbent
electron microscopy of extracts of protoplasts infected cells (Reutenauer et al., 1993). None of the mutant tran-
scripts multiplied as well as the wildtype in protoplasts,with the mutant transcripts. Virus-like particles could be
detected in extracts of protoplasts infected with pCA-WT however, with the biggest inhibitory effect (fourfold de-
crease) observed for pCA-6.3 in which the CABYV read-(Fig. 5A), pCA-6.3 (Fig. 5B), and pCA-4.3 (Fig. 5C). That
the immobilized particles were indeed virions was con- through domain was replaced by that of BWYV. The lower
efficiency of accumulation of this mutant may result fromfirmed by immunodecoration experiments using the CA-
BYV-specific antiserum (data not shown). Immunotrap- the presence of the ‘‘doubled’’ 3 *-noncoding sequence
(both BWYV and CABYV 3 *-noncoding regions present).ping of the pCA-4.3 virions was fairly efficient with a
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FIG. 5. Typical virus-like particles from protoplasts infected with wild-type and mutant transcripts. (A) pCA-WT, (B) pCA-4.3, (C) pCA-6.3, (D) pCA-
INT.1. Virions in crude protoplast extracts were detected by immunosorbent electron microscopy using an antiserum specific for CABYV for trapping.
The bar corresponds to 100 nm.
Alternatively, ‘‘enhancer’’ sequences which are not strictly not easy to rule out a possible stimulatory effect of coat
protein on viral RNA synthesis independent of its role inrequired for replication may be located upstream of the
portion of the CABYV readthrough domain sequence in- protecting the viral RNA. In any event, the decrease of
RNA accumulation observed for pCA-4.3, pCA-6.1, andcluded in the construct.
Inhibition of coat protein translation in pCA-INT.1 or pCA-INT.1 is not correlated in a straightforward fashion
to progeny RNA encapsidation because the mutant pCA-replacement of the CABYV coat protein with that of PLRV
(pCA-4.3) resulted in a twofold inhibition of RNA accumu- INT.1 which displays the lowest efficiency in packaging
the viral RNA is the least affected.lation. It is a commonly observed phenomenon (Sacher
and Ahlquist, 1989; Allison et al., 1990; Ishikawa et al., Heterologous encapsidation has been demonstrated
in mixed infections with different isolates of barley yellow1991; van der Kuyl et al., 1991; Chapman et al., 1992;
Reutenauer et al., 1993) that plant viruses with a defective dwarf virus (BYDV), a Subgroup 1 luteovirus (Hu et al.,
1988; Creamer and Falk, 1990; Wen and Lister, 1991).coat protein gene accumulate less progeny RNA. This
decrease may be at least in part attributed to diminished Both transencapsidation (encapsidation of the genome
of one virus by the coat protein of the other virus) andstability of the nonencapsidated progeny RNA but it is
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